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Abstract
Fungi and fungal community play important roles in the soil ecosystem, and the diversity of fungal community could act as
natural antagonists of various plant pathogens. Biological control is a promising method to protect plants as chemical
pesticides may cause environment pollution. Pseudomonas fluorescens 2P24 had strong inhibitory on Rastonia
solanacearum, Fusarium oxysporum and Rhizoctonia solani, etc., and was isolated from the wheat rhizosphere take-all
decline soils in Shandong province, China. However, its potential effect on soil fungal community was still unknown. In this
study, the gfp-labeled P. fluorescens 2P24 was inoculated into cucumber rhizosphere, and the survival of 2P24 was
monitored weekly. The amount decreased from 10
8 to 10
5 CFU/g dry soils. The effect of 2P24 on soil fungal community in
cucumber rhizosphere was investigated using T-RFLP and DGGE. In T-RFLP analysis, principle component analysis showed
that the soil fungal community was greatly influenced at first, digested with restriction enzyme Hinf I and Taq I. However,
there was little difference as digested by different enzymes. DGGE results demonstrated that the soil fungal community was
greatly shocked at the beginning, but it recovered slowly with the decline of P. fluorescens 2P24. Four weeks later, there was
little difference between the treatment and control. Generally speaking, the effect of P. fluorescens 2P24 on soil fungal
community in cucumber rhizosphere was just transient.
Citation: Gao G, Yin D, Chen S, Xia F, Yang J, et al. (2012) Effect of Biocontrol Agent Pseudomonas fluorescens 2P24 on Soil Fungal Community in Cucumber
Rhizosphere Using T-RFLP and DGGE. PLoS ONE 7(2): e31806. doi:10.1371/journal.pone.0031806
Editor: Jack Anthony Gilbert, Argonne National Laboratory, United States of America
Received June 22, 2011; Accepted January 17, 2012; Published February 16, 2012
Copyright:  2012 Gao et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This work was supported by the National Science Foundation of China (30871664) and Open Project for the State Key Laboratory of Bioreactor
Engineering (2060204). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: weiwang@ecust.edu.cn
Introduction
Fungi play important roles in soil ecosystem as major
decomposers of plant residues, releasing nutrients that sustain and
stimulate plant growth in the process [1,2]. Besides, the phyloge-
netic diversity of microorganisms can act as natural antagonists of
various plant pathogens [3]. A well-developed and diverse
rhizosphere community is thought to be critical in the suppression
of pathogens [4,5]. Knowledge of the structure and diversity of the
fungal community in the plant rhizosphere will lead to a better
understanding of pathogen-antagonist interactions [6].
It is suggested that only 17% of the known fungi can be readily
grown in culture [7]. As traditional methods have many pitfalls,
culture-independent methods show great potential in monitoring
shifts or diversity of microbial community in a variety of
environmental samples, such as Phospholipid Fatty Acid analysis
(PLFA), Fatty Acid Methyl Ester profile (FAME), Terminal
Restriction Fragment Length Polymorphism (T-RFLP), Ribosom-
al Intergenic Spacer Analysis (RISA), Denaturing/Temperature
Gradient Gel Electrophoresis (DGGE/TGGE), Single Strand
Configuration Polymorphism (SSCP), Amplified Ribosomal DNA
Restriction Analysis (ARDRA), etc. Among these, T-RFLP and
DGGE are two most widely used and effective methods in
analyzing the spatial and temporal shifts of microbial community.
T-RFLP method takes advantage in high throughputs, reproduc-
ible and web-based RDP database [8], while DGGE has high
resolution by separating the same size fragments and sequencing
each band [9]. Thus, in this study, the combination of the two
methods would give a better understanding of the soil fungal
community in cucumber rhizosphere.
Pesticides are widely used in agriculture to improve the yield of
crops. However, chemical pesticides have residues and may
influence the ecological system, soil fertility and underground
water [10,11], thus cause seriously environment pollution.
Biological control had been a significant approach to plant health
management during the twentieth century and promised through
modern biotechnology to be even more significant in the twenty-
first century [12]. At present, the global markets of biopesticides
become larger and larger especially in North America and Europe
[13], and the predicted rate of growth is 10% per year [14].
Pseudomonas spp. commonly inhabits in soil and has been applied
for biocontrol, promoting plant growth and bioremediation. 2, 4-
diacetylphloroglucinol(DAPG)-producing strains were major
groups in biocontrol microorganisms, because of their easy
colonization, good competition and broad antimicrobial spectrum.
Thus, they were widely used by more and more researchers [15–
18]. For example, P. fluorescens F113 could inhibit Erwinia carotovora,
which is the agent of soft rot of potato [19]. It has been also
reported that P. fluorescens and 2, 4-diacetylphloroglucinol (DAPG)
that it produced could prevent Fusarium oxysporum, Septoria tritici,
Thielaviopsis basicola, Rhizoctonia solani etc [20,21].
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solanacearum, F. oxysporum and R. solani, was isolated from the wheat
rhizosphere take-all decline soils in Shandong province, China
[22]. The root colonization and biocontrol mechanism of it have
been studied [23–25] and it has been commercialized. However,
the potential effect of P. fluorescens 2P24 on agricultural soil fungal
community is still unknown, as it is important to address the
displacements of indigenous microorganisms by inoculates and
assess the potential effects on soil microcosm [26].
This was the first study to investigate the effect of P. fluorescens
2P24 on soil fungal community in cucumber rhizosphere. Changes
in soil fungal community were detected with T-RFLP and DGGE.
Materials and Methods
1 Bacterial strain and inoculation preparation
The gfp-labeled P. fluorescens 2P24 was cultured on King’s
medium B (KB) agar plates containing 100 mg of ampicillin and
kanamycin liter
21. The bacteria were growing in liquid KB
medium at 28uC, 150 r/min with 100 mg of ampicillin and
kanamycin liter
21 for 24 h. Bacterial density was measured as the
absorbance of the fermentation broth at 600 nm, with reference to
a standard curve calibrated by plate enumeration.
2 Experimental site and description
The experimental site was located in the field of National
Southern Pesticide Research Centre of Shanghai, China (31.17uN,
121.13uE), where the average annual temperature is 18uC and
total rainfall is about 1200 mm per year. Ten plots were
established in the experimental area, while each plot contained
fifteen cucumber plants. Five plots were treated with P. fluorescens
2P24. The fermentation broth of P. fluorescens 2P24 was centrifuged
to concentrate and then diluted to 2610
9 CFU/L by water. And
then, 1 liter of these diluents was pooled to the root rhizosphere of
each cucumber plant in each plot directly. The other five plots
were treated with the same volume water as control.
3 Sampling
All soil samples were taken 5–10 cm below the surface and 5 cm
away from the plants, the soils were separated by shaking the roots.
Soil samples were collected weekly from each treatment and five
samples were taken from each plot at each time, mixed and stored
at 4uC.
Soil pH and moisture content were immediately determined
after sampling. Soil pH was measured using a pH probe and soil
moisture was calculated by drying soil at 115uC to a constant dry
weight. The soil organic carbon and nitrogen were also measured
[27,28].
The soil fungal quantity was calculated by traditional cultivation
method. 1 g of each soil sample was mixed with 99 ml sterile water
and then diluted to different concentration gradients. 100 mlo f
these diluents was cultured on PDA plates with 4 days and counted
(each with three replicates).
4 Survival of bacterial strain 2P24
Soil samples were dispersed and decimally diluted into sterile
water. The dilutions were plated on to KB agar containing 100 mg
of ampicillin and kanamycin liter
21. The colonies were calculated
after culturing for 48 h.
5 DNA extraction
750 mg of each soil sample and 1.25 g of silica beads were
beaten for 5 min with 3 ml TENP washing buffer (50 mM Tris,
20 mM EDTA, 100 mM NaC1, 1% PVPP, pH 8.5), followed by
centrifugation for 5 min. 3 ml SDS, 500 ml lysozyme
(20 mg ml
21), 500 ml cellulose solution (20 mg ml
21)a n d1 5ml
protease K (20 mg ml
21) were added and vortexed for 10 min.
After incubation at 37uC for 30 min, 125 ml of SDS (20%) and
0.15 g of PVPP were added to the mixture and then incubated at
65uC for 2 h, followed by centrifugation for 10 min (8,0006g).
The supernatants were transferred to fresh micro-centrifuge tubes
and extracted by mixing an equal volume of phenol-chloroform-
isoamyl alcohol (25:24:1; pH 8.0) followed by centrifugation for
10 min (12,0006g). The aqueous phase was removed by addition
of an equal volume of chloroform-isoamyl alcohol (24:1) followed
by centrifugation for 10 min (12,0006g). Ten percent of total
volume of NaAC (3 mol l
21, pH 5.2) and sixty percent of total
volume of isopropyl alcohol was added, and the total nucleic
acids was precipitated at 4uC for 1 h followed by centrifugation
for 10 min (12,0006g). The final nucleic acids were washed in
70% (v/v) ice-cold ethanol and air dried before re-suspension in
100 ml TE buffer (pH 8.0). At last, DNA solutions were stored at
220uC.
6 T-RFLP method
The universal fungal specific primers ITS1-F (59-
CTTGGTCATTTAGAGGAAGTAA-39) [29] and ITS4 (59-
TCCTCCGCTTATTGATATGC-39) [30] were used in this
study with the forward primer labeled with 6-FAM. PCR was
conducted in 25 ml reaction with 12.5 ml Ex Taq (Takara, Japan),
1 ml of extracted DNA, 0.5 mM of each primer and 1% BSA. The
thermo cycler reaction conditions were: 5 min initial denaturation
at 94uC followed by 35 cycles of 45 s at 94uC, 30 s of annealing at
51uC, and 1 min extension at 72uC. The final extension was 7 min
at 72uC. PCR products were purified with PCR purification kits
and detected by 1% agarose gel electrophoresis.
Two different restriction enzymes (HinfI, TaqI) were used
separately. Restriction digests contained 5 U of enzyme, 5 mLo f
labeled and purified PCR product in a 20-mL total volume.
Restrictions were performed with water bath at 37uC for 2 h
followed by an inactivation step at 65uC for 15 min.
The samples were separated with GeneScan 1000 Rox (Applied
Biosystems) as an internal size standard on an ABI 310 DNA
sequencer (Applied Biosystems) using POP6 polymer. Terminal
fragments were evaluated by GeneScan Analytical Software.
7 DGGE method
NS1 (59-GTAGTCATATGCTTGTCTC-39) [30] and GCFung
(59-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCC-
CGCCCCATTCCCCGTTACCCGTTG-39)[ 3 1 ]w e r ec h o s e nf o r
amplification of fungal sequences, which had been proved to be the
most suitable for detecting fungal diversities in soil using DGGE
analysis [32]. A GC-clamp was added to the terminal primer to
improve electrophoretic separation amplicons by DGGE. The PCR
reactions were carried out in 50 ml volumes containing 25 mlE xT a q
(TAKARA, Japan), 2 ml of extracted soil DNA and 1.0 mMo fe a c h
primer, 1% DMSO. The thermo cycling program was: 2 min initial
denaturation at 94uC, followed by 35 cycles of 30 s at 94uC, 30 s of
annealing at 55uC, and 1 min extension at 72uC. The final extension
was 5 min at 72uC. Products were checked by electrophoresis in 1%
(w/v) agarose gels and ethidium bromide staining. PCR products
from each sample were separated by DGGEK-2401 system (C.B.S.
Scientific Company, Inc., USA). The PCR products were separated
as follows: 8% polyacrylamide gels and denaturing gradient from
25% to 45% were used; gels were electrophoresed in 16TAE buffer
at 60uCa n d8 0Vf o r1 6h .
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For T-RFLP analysis, profiles in the range of 50–600 bp were
used for principal component analysis [33], which was conducted
using the Statistical Product and Service Solutions statistics
software 17.0 (SPSS Inc.). Further more, the similarity of different
TRF clusters was calculated based on Pearson correlation method
by SPSS.
For DGGE analysis, the similarity of cluster analysis was
calculated based on the density of different bands in different lane.
DGGE banding pattern analysis was conducted to compare by
cluster analysis via the underweighted pair group method with
mathematical averages (UPGMA), using the VisionWorksLS
software (UVP, US).
Results
1 Soil characteristics and culturable fungi
The average pH value of soil samples was 5.0, while the average
water content was 19%. This kind of acid soil is very typical in
south China. The soil total organic carbon content was about
1.8 g/kg, and the total nitrogen content was about 0.19 g/kg.
As can be seen from Figure 1, the amount of soil culturable
fungi in cucumber root rhizosphere decreased after inoculation of
P. fluorescens 2P24 compared to the controls during the following
three weeks. However, the discrimination between the treated and
control became to be not very obvious. Through the whole
experiment, the amount of soil culturable fungi was about
1610
7 CFU/g dry soil on average.
2 Survival of P. fluorescens 2P24 in cucumber rhizosphere
soil
The fermentation broth of P. fluorescens 2P24 was inoculated into
the cucumber root soil directly. The initial amount of organisms in
root soil reached at about 2610
8 CFU/g of dry soil. Survival of P.
fluorescens 2P24 was detected through cultivation method with
gradient dilution by distilled water and then calculated after 48 h.
During the following days after inoculation, survival of P. fluorescens
2P24 decreased sharply (Figure 2). On the 28
th day, populations of
2P24 dropped to 3.6610
6 CFU/g of dry soil. Then, the survival of
2P24 was not significantly decreased. At the end of this study, the
survival of 2P24 still sustained at about 10
5 CFU/g of dry soil.
3 T-RFLP results
T-RFLP was used to detect the fungal community structure in
cucumber rhizosphere soil. Although only dominant fungal
populations were detected in the T-RFLP method, we assumed
that these data represented the total fungal community structure.
All of the replicates showed similar results, typical samples were
analyzed as follows.
As can be clearly seen from Figures 3 and 4, a substantial
change in the T-RFLP pattern was observed as shown by the
Principle Component Analysis (PCA) of the TRF data. However,
changes between the control and treatments were significantly
different as digested by different enzymes.
Digested by Hinf I (Figure 3), C7 and P7, C14 and P14, C21
and P21, C28 and P28 were far from each other. P7, P14, P21 and
C28 cluster together and they could be regarded as one group.
Although C7, C14, C21 and P28 were in the same direction, but
there was a long distance from them. It suggested that the soil
fungal diversity was greatly changed after the inoculation of 2P24.
However, the soil fungal diversity of the treatment became close to
the control after four weeks. As can be seen in figure 3, the control
and treatment on the 35
th, 42nd, 49
th,5 6
th, 63rd day got very
close to each other.
Digested by Taq I (Figure 4), the soil fungal diversity of control
and treatment on the 7
th day were totally different. But after one
week, the distance between them became shorter and shorter. It
indicated that the soil fungal diversity was greatly influenced by
the inoculation of 2P24 on the 7
th day, and then the soil fungal
diversity was gradually recovered.
Even with regard to the soil fungal community of controls, there
were some changes as the cucumber grew. Whether digested by
Hinf Io rT aq I, the controls could not cluster together as one
group.
Besides PCA analysis, proximity matrix of different treatments
digested by Hinf I and Taq I also showed the similar result (Table 1
and Table 2). For example, in table 1, the correlation coefficient
between C7 and P7, C14 and P14, C21 and P21, C28 and P28
was less than 0.8, which meant that these treatments had little
Figure 1. The shifts of soil culturable fungi in cucumber root
rhizosphere after inoculation. ‘‘CK’’ was on behalf of the controls
amended with water, while ‘‘2P24’’ was on behalf of the treatments
amended with P. fluorescens 2P24.
doi:10.1371/journal.pone.0031806.g001
Figure 2. Survival of P. fluorescens 2P24 in cucumber rhizo-
sphere soil microcosms after inoculation.
doi:10.1371/journal.pone.0031806.g002
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and treatment was between 0.8 and 1, which meant that these
treatments had strong relationships. But in table 2, there was no
such obvious differences, only the correlation coefficient between
C7 and P7 was less than 0.8, while all of the others were more than
0.8, which was similar to the result of PCA analysis.
4 DGGE results
The mixed DNA samples were separated by DGGE fingerprints
method. Significant changes between the control and treatment
could be observed through the results (Figure 5). All of the
replicates showed similar results, typical samples were analyzed as
follows.
More than 10 bands could be detected through DGGE analysis.
On the 7
th day after 2P24 inoculation, bands 3, 4 and 9 of lane P7
almost disappeared compared to lane C7. At the same time, bands
5, 6 and 7 of lane P7 were less concentrated than lane C7. On the
14
th day, bands 3, 4 and 9 of lane P14 appeared but were still very
dim. Bands 5, 6 and 7 got to be more concentrated than lane P7,
but still less than that of lane C14. On the 21
st day, the bands of
lane P21 came close to the lane C21 except the bands 3 and 4. On
the 28
th day, the bands of C28 and P28 were mostly similar to
each other. After four weeks, the difference between the control
and treatment lessened.
The results of cluster analysis by UPGMA method showed that
C0, C7, C14, C21, C28, P21, P28 clustered together as one group
while others clustered as one group (Figure 6). C0 was divided as a
single branch. P7 and P14 were close to the control and treatment
of the following five weeks. There was no big difference between
the control and treatment after four weeks.
Overall, the soil fungal community was greatly influenced by the
inoculation of 2P24 at first. However, this situation lasted about
only two weeks. Four weeks later, the effect of biocontrol agent
2P24 had almost vanished.
Figure 3. Principal component analysis (PCA) of T-RFLP profiles of soil samples (Hinf I). Symbols referred to individual replicates of
different treatments. ‘‘C’’ was on behalf of the controls amended with water, and ‘‘P’’ was on behalf of the treatments amended with P. fluorescens
2P24. The number (7, 14, 21, 28, 35, 42, 49, 56, 63) following the abbreviation letters ‘‘C’’ and ‘‘P’’ represented the sampling day after inoculation.
Numbers in parenthesis were percentage variance explained by each principal component (PC).
doi:10.1371/journal.pone.0031806.g003
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Soil microbial community could be affected by various soil
conditions, such as pH, moisture, temperature, CO2, etc [34]. In
this study, the soil was acid soil types, probably because of yearly
high temperature and rainfall. However, this kind of soil is a
typical agricultural soil both in China and other countries in the
world. In general, fungi have been found to be more acid tolerant
than bacteria leading to increased fungal dominance in acidic soils
[35–37]. The soil organic carbon (SOC) and total soil microor-
ganisms mass correlate with the soil water content [38], and it has
been proved that 19% of soil water content was most suitable for
plant growth and the activities of soil microorganisms [39].
The amount of soil culturable fungi was about 10
7 CFU/g dry
soil. Inoculation of P. fluorescens 2P24 decreased the total amount of
soil culturable fungi during the following three weeks. It could
probably be related with the biocontrol function of P. fluorescens
2P24. After that, there was no continued and obvious difference
between the treated samples and the controls, which may probably
caused by the decreasing of P. fluorescens 2P24. Although the
amount of total soil fungi was calculated in the experiment, our
finally aim was to study the changes of soil fungal diversity, as
traditional culture method had a lot of faults.
Many factors could affect the survival of P. fluorescens in soil, such
as inoculate formulation, soil conditions etc [40,41]. Thus, P.
fluorescens would decrease quickly after inoculating into soils, just
from 10
7,10
9 to 10
3,10
5 CFU/g dry soil in a month. The
difference between variance was mostly dependent on the soil
types and initiative inoculation concentrations.
Microorganisms will undergo a large variety of processes
following their inoculation, including growth, death, and physio-
Figure 4. Principal component analysis (PCA) of T-RFLP profiles
of soil samples (Taq I). Symbols referred to individual replicates of
different treatments. ‘‘C’’ was on behalf of the controls amended with
water, and ‘‘P’’ was on behalf of the treatments amended with P.
fluorescens 2P24. The number (7, 14, 21, 28, 35, 42, 49, 56, 63) following
the abbreviation letters ‘‘C’’ and ‘‘P’’ represented the sampling day after
inoculation. Numbers in parenthesis were percentage variance ex-
plained by each principal component (PC).
doi:10.1371/journal.pone.0031806.g004
Table 1. Proximity matrix of T-RFLP profiles of soil samples (Hinf I).
Proximity Matrix (Hinf I)
Correlation between Vectors of Values
C7 P7 C14 P14 C21 P21 C28 P28 C35 P35 C42 P42 C48 P48 C56 P56 C63 P63
C7 1.000
P7 .536 1.000
C14 .440 .253 1.000
P14 .154 .180 .704 1.000
C21 .353 .325 .876 .298 1.000
P21 .346 .930 .265 .036 .209 1.000
C28 .245 .898 .168 .010 .116 .992 1.000
P28 .579 .391 .814 .188 .954 .194 .084 1.000
C35 .252 .458 .415 .172 .518 .665 .749 .590 1.000
P35 .536 .047 .658 .128 .815 .207 .318 .910 .860 1.000
C42 .550 .099 .552 .027 .763 .192 .298 .887 .823 .984 1.000
P42 .554 .074 .525 .073 .672 .351 .459 .807 .915 .976 .971 1.000
C48 .469 .276 .410 .091 .522 .537 .635 .660 .967 .909 .896 .973 1.000
P48 .428 .405 .409 .241 .431 .612 .704 .551 .965 .827 .784 .908 .973 1.000
C56 .671 .175 .427 .216 .418 .410 .516 .600 .863 .826 .801 .909 .943 .955 1.000
P56 .580 .313 .358 .247 .321 .522 .618 .490 .875 .759 .722 .861 .930 .971 .987 1.000
C63 .536 .290 .432 .215 .458 .518 .619 .603 .937 .853 .818 .929 .977 .991 .983 .983 1.000
P63 .668 .073 .530 .186 .583 .328 .440 .743 .884 .921 .896 .966 .963 .941 .978 .944 .974 1.000
‘‘C’’ was on behalf of the controls amended with water, and ‘‘P’’ was on behalf of the treatments amended with P. fluorescens 2P24. The number (7, 14, 21, 28, 35, 42, 49,
56, 63) following the abbreviation letters ‘‘C’’ and ‘‘P’’ represented the sampling day after inoculation.
doi:10.1371/journal.pone.0031806.t001
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and gene transfer [42]. In the view point of biological invasion, the
inoculation of a microorganism may break the original ecological
balance of soil microbial community. Our results also showed that
the inoculation of P. fluorescens 2P24 had a significant effect on the
soil fungal community at first. But the effect of P. fluorescens 2P24
just lasted about one month, after that, the soil fungal community
recovered as the control. Some researchers also found that there
were only transient effects on soil microbial communities following
the inoculation with biocontrol agents, such as P.fluorescens [43],
Streptomyces melanosporofaciens [44] and Corynebacterium glutamicum
[45].
In T-RFLP analysis, the great change of soil fungal community
could be detected. However, the shift of soil fungal community was
different as digested by different enzymes either analyzed by PCA
method or by proximity matrix method. The soil fungal
community was significantly influenced by the inoculation of
biocontrol agent at first. But the process of recovering was totally
different as digested by different enzyme. The PCA analysis of
data digested by Hinf I showed that the effect of P. fluorescens 2P24
on soil fungal community was very strong until 5 weeks later, while
there was slight recovery of soil fungal community by PCA analysis
of data digested by Taq I.
In DGGE analysis, it could be clearly seen that the soil fungal
community recovered little by little after the inoculation of P.
fluorescens 2P24, and the effect of P. fluorescens 2P24 lasted about
three weeks. This result was mostly close to the result of T-RFLP
analysis digested by Taq I.
T-RFLP and DGGE methods have already been applied in
analyzing many different environmental samples. T-RFLP takes
advantage of analyzing quantitative variances, while DGGE is a
better choice to discriminate close species. The combination of
these two methods would give a better understanding of soil fungal
communities. However, Enwall and Hallin [46] showed that
DGGE had a higher resolution than T-RFLP and binary data was
better for discriminating between samples. But Smalla et al [47]
showed that DGGE, T-RFLP, and SSCP analysis led to similar
findings, although the fragments amplified comprised different
variable regions and lengths. Our findings also showed that
DGGE and T-RFLP had similar results, in spite of differences
between Hinf I and Taq I in T-RFLP analysis.
As PCR-based methods, T-RFLP and DGGE also have some
pitfalls. For example, only dominant species can be amplified from
soil DNA. Besides, a lot of factors may affect the final results, such
as DNA extraction methods, primers, annealing temperature, Taq
polymerase, and restriction enzymes etc [48]. For T-RFLP
method, although there are specific RDP database, but identifi-
cation of a TRF profile is usually impossible especially for fungi.
Burke et al. [49] approved that T-RFLP could be applied to
analyze soil fungi, but it could not reflect the real quantity of soil
fungi [50]. Furthermore, two or more species may share the same
profile, or one species may distribute in different profiles, and it
even outputs pseudo-TRFs [51]. For DGGE method, its fragments
were less than 500 bp, which was difficult for the following
identification and phylogenetic analysis. Furthermore, sometimes
a band did not stand for one species, or one species had different
bands just as in T-RFLP method.
Conclusions
P. fluorescens 2P24 is a promising biocontrol strain against many
fungal pathogens. However, its impact on soil fungal community is
still unknown. This is the first study about monitoring the effect of
Table 2. Proximity matrix of T-RFLP profiles of soil samples (Taq I).
Proximity Matrix (Taq I)
Correlation between Vectors of Values
C7 P7 C14 P14 C21 P21 C28 P28 C35 P35 C42 P42 C48 P48 C56 P56 C63 P63
C7 1.000
P7 .026 1.000
C14 .221 .906 1.000
P14 .411 .900 .870 1.000
C21 .223 .628 .887 .578 1.000
P21 .144 .879 .993 .815 .915 1.000
C28 .687 .644 .849 .810 .812 .812 1.000
P28 .536 .476 .792 .559 .936 .795 .911 1.000
C35 .422 .410 .742 .436 .944 .761 .833 .983 1.000
P35 .810 .070 .417 .297 .626 .394 .790 .856 .832 1.000
C42 .447 .605 .879 .650 .970 .884 .922 .986 .966 .766 1.000
P42 .686 .448 .752 .606 .857 .735 .954 .980 .938 .911 .954 1.000
C48 .201 .613 .875 .554 .999 .907 .798 .930 .946 .621 .965 .849 1.000
P48 .382 .548 .845 .567 .981 .863 .874 .982 .982 .757 .993 .934 .980 1.000
C56 .176 .635 .887 .578 .993 .922 .793 .911 .925 .584 .955 .830 .996 .972 1.000
P56 .186 .605 .867 .544 .993 .902 .790 .921 .942 .613 .958 .840 .997 .978 .998 1.000
C63 .219 .590 .863 .542 .996 .895 .803 .936 .954 .641 .967 .859 .999 .985 .996 .999 1.000
P63 .184 .469 .777 .413 .976 .823 .735 .921 .959 .655 .936 .833 .983 .971 .978 .987 .988 1.000
‘‘C’’ was on behalf of the controls amended with water, and ‘‘P’’ was on behalf of the treatments amended with P. fluorescens 2P24. The number (7, 14, 21, 28, 35, 42, 49,
56, 63) following the abbreviation letters ‘‘C’’ and ‘‘P’’ represented the sampling day after inoculation.
doi:10.1371/journal.pone.0031806.t002
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PLoS ONE | www.plosone.org 6 February 2012 | Volume 7 | Issue 2 | e31806Figure 5. DGGE profiles showed the comparison between the controls and treatments of the soil fungal communities in cucumber
rhizosphere after inoculation of P. fluorescens 2P24. The fingerprints of fungal communities were generated by separation of 18S rDNA
fragments amplified with primers NS1 and GCfung. ‘‘C’’ was on behalf of the controls amended with water, and ‘‘P’’ was on behalf of the treatments
amended with P. fluorescens 2P24. The number (7, 14, 21, 28, 35, 42, 49, 56, 63) following the abbreviation letters ‘‘C’’ and ‘‘P’’ represented the
sampling day after inoculation.
doi:10.1371/journal.pone.0031806.g005
Figure 6. The differences between profiles were indicated by dice similarity. The Dendrogram was based on the RF Values and cluster
analysis by the unweighted pair group method analysis (UPGMA) using VisionWorksLS (UVP, US). ‘‘C’’ was on behalf of the controls amended with
water, and ‘‘P’’ was on behalf of the treatments amended with P. fluorescens 2P24. The number (7, 14, 21, 28, 35, 42, 49, 56, 63) following the
abbreviation letters ‘‘C’’ and ‘‘P’’ represented the sampling day after inoculation.
doi:10.1371/journal.pone.0031806.g006
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PLoS ONE | www.plosone.org 7 February 2012 | Volume 7 | Issue 2 | e31806P. fluorescens 2P24 on soil fungal communities in cucumber
rhizosphere. After its inoculation, the survival of P. fluorescens
2P24 decreased from 10
8 CFU/g dry soil to 10
5 CFU/g dry soil
during the whole growth time of cucumber. Thus, the soil fungal
community was greatly influenced by its inoculation at the
beginning. At the same time, the impact of P. fluorescens 2P24 on
soil fungal community alleviated slowly weekly. Four weeks later,
there was little difference between the control and the treatment.
Generally speaking, there was no significant effect of P. fluorescens
2P24 on soil fungal community in cucumber rhizosphere in spite
of four-week influence. On the contrary, it suggested that the
period of validity of biocontrol agent P. fluorescens 2P24 may be less
than one month. Besides, our study just focused on the whole
fungal community, the relationships between P. fluorescens 2P24
and each single fungal species was still unknown.
Acknowledgments
We gratefully acknowledge Dr. Ye Wang for comments on the manuscript.
Author Contributions
Conceived and designed the experiments: WW. Performed the experi-
ments: GPG DHY SJC FX JY. Analyzed the data: GPG. Contributed
reagents/materials/analysis tools: FX JY. Wrote the paper: GPG WW.
Modified the paper: GPG QL WW.
References
1. Bridge P, Spooner B (2001) Soil fungi: diversity and detection. Plant and Soil
232: 147–154.
2. Vandenkoornhuyse P, Baldauf SL, Leyval C, Straczek J, Peter WY (2002)
Extensive fungal diversity in plant roots. Science 295: 2051.
3. Gardener BBM, Fravel DR (2002) Biological control of plant pathogens:
research, commercialization, and application in the USA. Plant Health Progress.
doi: 10.1094/PHP-2002-0510-01-RV.
4. Alabouvette C (1990) Biological control of Fusarium wilt pathogens in suppressive
soils. In Biological Control of Soil-Borne Plant Pathogens Hornby D, ed.
Wallingford: CAB International. pp 27–43.
5. Jarosik V, Kovacikova E, Maslowska H (1996) The influence of planting
location, plant growth stage and cultivars on microflora of winter wheat roots.
Microbiological research 151: 177–182.
6. Smit E, Leeflang P, Glandorf B, van Elsas JD, Wernars K (1999) Analysis of
fungal diversity in the wheat rhizosphere by sequencing of cloned PCR-
amplified genes encoding 18S rRNA and temperature gradient gel electropho-
resis. Applied and Environmental Microbiology 75: 2614–2621.
7. Hawksworth DL (1991) The fungal dimension of biodiversity: magnitude,
significance and conservation. Mycol Res 95: 641–655.
8. Marsh TL, Saxman P, Cole J, Tiedje J (2000) Terminal restriction fragment
length polymorphism analysis program, a web-based research tool for microbial
community analysis. Applied and Environmental Microbiology 66: 3616–3620.
9. Muyzer G, Smalla K (1998) Application of denaturing gradient gel
electrophoresis (DGGE) and temperature gradient gel electrophoresis (TGGE)
in microbial ecology. Antonie van Leeuwenhoek 73: 127–141.
10. Johnsen K, Jacobsen CS, Torsvik V, Sørensen J (2001) Pesticide effects on
bacterial diversity in agricultural soils - a review. Biology and Fertility of Soils 33:
443–453.
11. Arias-Este ´vez M, Lo ´pez-Periago E, Martı ´nez-Carballo E, Simal-Ga ´ndara J,
Mejuto JC, et al. (2008) The mobility and degradation of pesticides in soils and
the pollution of groundwater resources. Agriculture, Ecosystems & Environment
123: 247–260.
12. Cook RJ (2000) Advances in plant health management in the 20th century.
Annu Rev Phytopathol 38: 95–116.
13. Bailey KL, Boyetchko SM, La ¨ngle T (2010) Social and economic drivers shaping
the future of biological control: A Canadian perspective on the factors affecting
the development and use of microbial biopesticides. Biological Control 52:
221–219.
14. Bailey KL, Mupondwa EK (2006) Developing microbial weed control products:
commercialization, biological, and technological considerations. In: Singh HP,
Batish DR, Kohli RK, eds. Handbook of Sustainable Weed Management, The
Haworth Press Inc., Binghamton, NY, USA. pp 431–473.
15. Carroll H, Moe ¨nne-Loccoz Y, Dowling DN, O’Gara F (1995) Mutational
disruption of the biosynthesis genes coding for the antifungal metabolite 2, 4-
diacetylphloroglucinol does not influence the ecological fitness of Pseudomonas
fluorescens F113 in the rhizosphere of sugarbeets. Applied and Environmental
Microbiology 61: 3002–3007.
16. Cronin D, Moe ¨nne-Loccoz Y, Fenton A, Dunne C, Dowling DN, et al. (1997)
Role of 2, 4-diacetylphloroglucinol in the interactions of the biocontrol
pseudomonad strain F113 with the potato cyst nematode Globodera rostochiensis.
Applied and Environmental Microbiology 63: 1357–1361.
17. Saravanakumar1 D, Lavanya N, Muthumeena B, Raguchander T, Suresh S,
et al. (2008) Pseudomonas fluorescens enhances resistance and natural enemy
population in rice plants against leaffolder pest. Journal of Applied Entomology
132: 469–479.
18. Sarniguet A, Kraus J, Henkels MD, Muehlchen AM, Loper JE (1995) The sigma
factor sigma s affects antibiotic production and biological control activity of
Pseudomonas fluorescens Pf-5. PNAS 92: 12255–12259.
19. Cronin D, Moe ¨nne-Loccoz Y, Fenton A, Dunne C, Dowling DN, et al. (1997)
Ecological interaction of a biocontrol Pseudomonas fluorescens strain producing 2, 4-
diacetylphloroglucinol with the soft rot potato pathogen Erwinia carotovora subsp.
atroseptica. FEMS Microbiology Ecology 23: 95–106.
20. Bangera MG, Thomashow LS (1996) Characterization of a genomic locus
required for synthesis of the antibiotic 2, 4-diacetylphloroglucinol by the
biological control agent Pseudomonas fluorescens Q2-87. Molecular plant-microbe
interactions: MPMI 9: 83–90.
21. Keel C, Schnider U, Maurhofer M, Voisard C, Laville J, et al. (1992)
Suppression of root diseases by Pseudomonas fluorescens CHA0: importance of the
bacterial secondary metabolite 2, 4-diacetylphloroglucinol. Molecular plant-
microbe interactions: MPMI 5: 4–13.
22. Wei HL, Wang Y, Zhang LQ, Tang WH (2004) Identification and
characterization of biocontrol bacterial strain 2P24 and CPF-10. Acta
Phytopathologica Sinica 34: 80–85.
23. Hailei W, Liqun Z (2006) Quorum-sensing system influences root colonization
and biological control ability in Pseudomonas fluorescens 2P24. Antonie van
Leeuwenhoek 89: 267–280.
24. Qing Y, Wei G, Xiaogang W, Liqun Z (2009) Regulation of the PcoI/PcoR
quorum-sensing system in Pseudomonas fluorescens 2P24 by the two-component
PhoP/PhoQ system. Microbiology 155: 124–133.
25. Wu SG, Duan HM, Tian T, Yao N, Zhou HY, et al. (2010) Effect of the hfq
gene on 2, 4-diacetyphloroglucinol production and the PcoI/PcoR quorum-
sensing system in Pseudomonas fluorescens 2P24. FEMS Microbiology Letters 309:
16–24.
26. Elsas JD. van, Duarte GF, Rosado AS, Smalla K (1998) Microbiological and
molecular biological methods for monitoring microbial inoculants and their
effects in the soil environment. Journal of Microbiological Methods 32: 133–154.
27. Vance ED, Brookes PC, Jenkenson DS (1987) An extraction method for
measuring soil microbial biomass C. Soil Bilogy&Biochemical 19: 703–707.
28. Institute of Soil Science, Chinese Academy of Sciences. Soil Physical and
Chemical Analysis. Shanghai: Shanghai Scientific and Technical Publishers,
1978. (in Chinese).
29. Bruns TD, Szaro TM, Gardes M, Cullings KW, Pan JJ, et al. (1998) A sequence
database for the identification of ectomycorrhizal basidiomycetes by phyloge-
netic analysis. Molecular Ecology 7: 257–272.
30. White TJ, Bruns TD, Lee S, Taylor J (1990) Analysis of phylogenetic
relationships by amplification and direct sequencing of ribosomal RNA genes.
PCR protocols a guide to methods and applications Publisher: Academic Press.
pp 315–322.
31. May LA, Smiley B, Schmidt MG (2001) Comparative denaturing gradient gel
electrophoresis analysis of fungal communities associated with whole plant corn
silage. Can J Microbiol 47: 829–841.
32. Hoshino YT, Morimoto S (2008) Comparison of 18S rDNA primers for
estimating fungal diversity in agricultural soils using polymerase chain reaction-
denaturing gradient gel electrophoresis. Soil Science and Plant Nutrition 54:
701–710.
33. Osborn AM, Moore ERB, Timmis KN (2000) An evaluation of terminal-
restriction fragment length polymorphism (T-RFLP) analysis for the study of
microbial community structure and dynamics. Environmental Microbiology 2:
39–50.
34. Strickland MS, Rousk J (2010) Considering fungal : bacterial dominance in soils
- Methods, controls, and ecosystem implications. Soil Biology and Biochemistry
42: 1385–1395.
35. Ho ¨gberg MN, Ho ¨gberg P, Myrold DD (2007) Is microbial community
composition in boreal forest soils determined by pH, C-to-N ratio, the trees,
or all three? Oecologia 150: 590–601.
36. Joergensen RG, Wichern F (2008) Quantitative assessment of the fungal
contribution to microbial tissue in soil. Soil Biology and Biochemistry 40:
2977–2991.
37. Rousk J, Brooks PC, Ba ˚a ˚th E (2009) Contrasting soil pH effects on fungal and
bacterial growth suggest functional redundancy in carbon mineralization.
Applied and Environmental Microbiology 75: 1589–1596.
38. Entry JA, Fuhrmann JJ, Sojka RE, Shewaker GE (2004) Influence of irrigated
agriculture on soil carbon and microbial community structure. Environmental
Management 33: S363–S373.
Soil Fungal Community in Cucumber Rhizosphere
PLoS ONE | www.plosone.org 8 February 2012 | Volume 7 | Issue 2 | e3180639. Wang J, Kang S, Li F, Zhang F, Li Z, et al. (2008) Effects of alternate partial
root-zone irrigation on soil microorganism and maize growth. Plant Soil 302:
45–52.
40. Van Elsas JD, Trevors JT, Jain D, Woiters AC, Heijnen CE, et al. (1992)
Survival of, and root colonization by, alginate-encapsulated Pseudomonas fluorescens
cells following introduction into soil. Biol Fertil Soils 14: 14–22.
41. Wessendorf J, Lingens F (1989) Effect of culture and soil conditions on survival of
Pseudomonas fluorescens R1 in soil. Appl Microbiol Biotechnol 31: 97–102.
42. Pre ´vost K, Couture G, Shipley B, Brzezinski R, Beaulieu C (2006) Effect of
chitosan and a biocontrol streptomycete on field and potato tuber bacterial
communities. BioControl 51: 533–546.
43. Natsch A, Keel C, Hebecker N, Laasik E, De’fago G (1998) Impact of
Pseudomonas fluorescens strain CHA0 and a derivative with improved biocontrol
activity on the culturable resident bacterial community on cucumber roots.
FEMS Microbiol. Ecol 27: 365–380.
44. Pre ´vost K, Couture G, Shipley B, Brzezinski R, Beaulieu C (2006) Effect of
chitosan and a biocontrol streptomycete on field and potato tuber bacterial
communities. BioControl 51: 533–546.
45. Vahjen W, Munch JC, Tebbe CC (1995) Carbon source utilization of soil
extracted microorganisms as a tool to detect the effect of soil supplemented with
genetically engineered and non-engineered Corynebacterium glutamicum and a
recombinant peptide at the community level. FEMS Microbiol Ecol 18:
317–328.
46. Enwall K, Hallin S (2009) Comparison of T-RFLP and DGGE techniques to
assess denitrifier community composition in soil. The Society for Applied
Microbiology, Letters in Applied Microbiology 48: 145–148.
47. Smalla K, Oros-Sichler M, Milling A, Heuer H, Baumgarte S, et al. (2007)
Bacterial diversity of soils assessed by DGGE, T-RFLP and SSCP fingerprints of
PCR-amplified 16S rRNA gene fragments: Do the different methods provide
similar results? Journal of Microbiological Methods 69: 470–479.
48. Bernboma N, Nørrunga B, Saadbyea P, Mølbakb L, Vogensenc FK, et al. (2006)
Comparison of methods and animal models commonly used for investigation of
fecal microbiota: Effects of time, host and gender. Journal of Microbiological
Methods 66: 87–95.
49. Burke DJ, Martin KJ, Rygiewicz PT, Topa MA (2005) Ectomycorrhizal fungi
identification in single and pooled root samples: terminal restriction fragment
length polymorphism (TRFLP) and morphotyping compared. Soil Biology and
Biochemistry 37: 1683–1694.
50. Lueders T, Friedrich MW (2003) Evaluation of PCR amplification bias by
Terminal Restriction Fragment Length Polymorphism Analysis of small-Subunit
rRNA and mcrA genes by using defined template mixtures of methanogenic
pure cultures and soil DNA extracts. Applied and Environmental Microbiology
69: 320–326.
51. Egert M, Friedrich MW (2003) Formation of pseudo-terminal restriction
fragments, a PCR-related bias affecting Terminal Restriction Fragment Length
Polymorphism Analysis of microbial community structure. Applied and
Environmental Microbiology 69: 2555–2562.
Soil Fungal Community in Cucumber Rhizosphere
PLoS ONE | www.plosone.org 9 February 2012 | Volume 7 | Issue 2 | e31806